INTRODUCTION
The mammalian testis is an immune-privileged organ that protects immunogenic germ cells from systemic immune response. To overcome this privilege and elicit appropriate local response against invading pathogens, testicular cells exhibit innate immunity in response to microbial pathogens. Innate immune response can be initiated by pattern recognition receptors (PRRs) in testicular cells [1] . Although Toxoplasma gondii and uropathogenic Escherichia coli (UPEC) infection may impair testicular function [2] [3] [4] , the mechanisms underlying testicular innate immune responses against T. gondii and UPEC are poorly understood.
PRRs belong to a superfamily of molecules that recognize conserved molecular structures shared by different pathogens; such structures are termed pathogen-associated molecular patterns (PAMPs). PAMPs recognize PRRs and trigger innate immune response, thereby directing adaptive immunity against pathogens [5, 6] . As an example of PRRs, toll-like receptors (TLRs) belong to a family of transmembrane receptors that recognize a broad range of PAMPs [7] . To date, 13 TLRs have been identified in mammals. These TLRs recognize PAMPs derived from diverse pathogens, such as bacteria, viruses, fungi, and parasites [8] . TLR activation initiates two signaling pathways, that is, myeloid differentiation protein 88 (MyD88)-dependent and TIR domain-containing adaptor inducing interferon-b (TRIF)-dependent pathways. These two pathways lead to the activation of nuclear factor KB (NFKB), mitogenactivated protein kinases (MAPKs), and interferon regulatory factors (IRFs), thereby inducing the expression of proinflammatory cytokines and type 1 interferons (i.e., IFNA and IFNB). All TLRs trigger innate immune response through the MyD88-dependent pathway except TLR3, which exclusively triggers the TRIF-dependent pathway. TLR4 is the only member that initiates MyD88-and TRIF-dependent pathways [9] .
The testis can be infected by microbial pathogens from the circulating blood to the interstitial spaces and from the ascending male genitourinary tract to the seminiferous tubules. Testicular microbial infection is one of the etiological factors of male infertility [10] . For instance, UPEC predominantly infects genitourinary tracts and causes epididymo-orchitis [2, 11, 12] . UPEC induces inflammatory response in rat testicular cells [13] . Another example is T. gondii, a globally widespread intracellular protozoan parasite that infects humans and animals. Increasing evidence shows that T. gondii infection can impair testicular function and may be associated with male infertility [14] [15] [16] . T. gondii and UPEC recognize TLR11, thereby initiating innate immune response against pathogens [17, 18] . TLR11 is expressed in macrophages and dendritic cells as well as kidney and bladder epithelial cells, and are localized in the endosome membrane of cells [19, 20] . Although a specific ligand of TLR11 has not been identified in UPEC, profilin from T. gondii is considered as a TLR11 ligand [17] . Once activated, TLR11 initiates innate immune responses by inducing interleukin 12 (IL12) production. IL12 subsequently induces interferon gamma (IFNG) production that activates antimicrobial effector cells to encounter pathogens [19, [21] [22] [23] . The function of TLR11 has been investigated using mouse models. Many mammals, including humans, contain Tlr11 gene. However, the human Tlr11 gene contains stop codons and does not code for a functional TLR11 protein [24] .
TLR11 activation prevents pathology that is induced by T. gondii and UPEC infection in mice [18, 25] . T. gondii and UPEC may infect the testis and perturb male fertility. Therefore, the testicular innate immune response to these two pathogens would be worthy of investigation. In the present study, TLR11-initiated innate immune response in male mouse germ cells after stimulations with T. gondii profilin and UPEC was investigated in vitro.
MATERIALS AND METHODS

Animals
C57BL/6J strain mice were obtained from the Laboratory Animal Center of Peking Union Medical College (Beijing, China). The mice were bred under specific pathogen-free conditions with lighting (12L:12D) and nutrition (food and water ad libitum). All of the mice were handled in compliance with the Guidelines for the Care and Use of Laboratory Animal approved by the Chinese Council of Animal Care.
Antibodies and Major Reagents
Rabbit anti-TLR11 (ab47097, 1:200) polyclonal antibody was purchased from Abcam. Rabbit anti-phospho-IRF3 (4947, 1:1000), rabbit anti-phosphoNFKBp65 (3031, 1:1000), rabbit anti-NFKBp65 (4764, 1:1000), rabbit antiphospho-p38 (4631, 1:500), and rabbit anti-phospho-JNK (9251, 1:500) polyclonal antibodies were purchased from Cell Signaling Technology. Rabbit anti-IRF3 (sc-9082, 1:1000), rabbit anti-IKB (sc-371, 1:500), rabbit anti-p38 (sc-7149, 1:500), and rabbit anti-ERK (sc-94, 1:500) polyclonal antibodies as well as mouse anti-JNK (sc-7345, 1:2000) and mouse anti-phospho-ERK (sc-7383, 1:2000) monoclonal antibodies were purchased from Santa Cruz Biotechnology. Mouse anti-b-actin monoclonal antibody (A5316, 1:4000) was purchased from Sigma-Aldrich. BX795 (tlrl-bx7) and BAY11-7082 (tlrlb82) were purchased from InvivoGen. SP600125 (S5567), SB202190 (S7067), and bafilomycin (B1793) were purchased from Sigma Aldrich. Profilin (ALX-522-093-C010) was purchased from Alexis Corporation. UPEC strain CFT073 (No. 700928) was purchased from American Type Culture Collection. Small interfering RNA (siRNA) targeting Tlr11 (sc-61694) and control siRNA targeting a scrambled sequence (sc-37007) were purchased from Santa Cruz Biotechnology.
Testicular Cell Isolation and Culture
Testicular interstitial and Sertoli cells were isolated from 5-wk-old mice. Germ cells were isolated from 2-and 5-wk-old mice. In brief, the mice were anesthetized with CO 2 and then euthanized by cervical dislocation. The testes were decapsulated and incubated with 0.5 mg/ml collagenase (Sigma) at room temperature for 15 min with gentle oscillation. The suspensions were filtered using 80 lm copper meshes to separate interstitial cells and seminiferous tubules. The interstitial cells were cultured in F12/DMEM (Life Technologies, Inc.) supplemented with antibiotics (100 units/ml penicillin and 100 mg/ml streptomycin) and 10% fetal calf serum (FCS) (Life Technologies, Inc.) in a humidified atmosphere containing 5% CO 2 at 328C. After 24 h, nonadherent cells were removed by rinsing the culture dishes twice with the medium. The adherent interstitial cells contain mainly Leydig cells (;80%) and macrophages (;15%) based on cytochemical staining for 3b-HSD (a marker of Leydig cells) [26] and F4/80 (a marker of macrophages).
The seminiferous tubules were resuspended in collagenase type 1 at room temperature for another 15 min to remove the peritubular myoid cells. The tubules were cut into small pieces (;1 mm 3 ), and incubated with 0.5 mg/ml hyaluronidase (Sigma) at room temperature for 10 min with gentle pipetting to dissociate the Sertoli cells and the germ cells. The cell suspensions were then washed twice with medium and cultured in F12/DMEM medium supplemented with 10% FCS at 328C for 6 h. The nonadherent germ cells were collected in serum-free F12/DMEM medium for treatment. The purity of the germ cells was .95% based on nuclear morphology. Different stages of germ cells have characteristic nuclear morphology that can be recognized after staining with 4 0 ,6-diamidino-2-phenylindole (DAPI) [27] . The adherent cells were cultured at 328C for another 24 h, and then treated with a hypotonic solution (20 mM Tris, pH 7.4) for 1 min to remove the germ cells that adhere to Sertoli cells. The remaining cells were mainly Sertoli cells (.90%) based on immunostaining for Wilms' tumor nuclear protein 1 (a Sertoli cell marker) [28] .
Three stages of germ cells, namely, spermatogonia, spermatocytes, and spermatids, were isolated from 5-wk-old mice by velocity sedimentation at unit gravity [29] . The purity of individual cell types was .95% based on cell nuclear morphology after staining with DAPI according to previously described approach [27] .
Transfection with siRNA
Fresh isolated germ cells were seeded at a density of 2 3 10 6 cells/well containing 2 ml F12/DMEM medium containing 10% FCS in a six-well plate.
The cells were transfected with 100 nM siRNA using 2 ll lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions. After 24 h, the cells were treated with 10 ng/ml profilin or 5 3 10 7 UPEC/ml. These doses of pathogens induce optimal innate immune response in germ cells without significant toxic effect on cell viability based on the preliminary dosedependent assays (data not shown).
3-Dimethylthiahiahiazol-2,5-Diphenyte-Trazolium Bromide Assay
Cell viability was assessed using 3-dimethylthiahiahiazol-2,5-diphenytetrazolium bromide (MTT) assay kit (American Type Culture Collection) according to the manufacturer's instructions. Briefly, germ cells were seeded in 96-well microplates at a density of 2 3 10 4 cells/well. After the treatments, similar to those for inducing innate immune response, the cells were incubated with 10 ll MTT solution for 2 h. Afterward, the cells were lysed using a detergent reagent (part of MTT assay kit). Absorbance at 570 nm was counted using a microplate reader (BioTek). The percentage of the absorbance value versus the control represents the cell viability.
UPEC Inactivation
UPEC were cultured in LB medium containing 1% peptone 140, 0.5% yeast extract, and 0.5% NaCl (Life Technologies, Inc.) overnight at 378C in a shaking incubator. UPEC at exponential growing phase (OD 600 ¼ 0.6) were collected by centrifugation at 4000 3 g for 10 min at 48C. The pellet was resuspended in phosphate-buffered saline (PBS) and then inactivated by heating at 608C for 30 min. The inactivated UPEC were washed twice with PBS, and the pellet was resuspended in F12/DMEM medium at a density of 1 3 10 9 UPEC/ml. Germ cells were treated with 5 3 10 7 UPEC/ml.
Real-Time Quantitative RT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen) in accordance with the manufacturer's instructions. RNA was treated with RNase-free DNase I (Invitrogen) to remove potential genomic DNA contamination. The absence of genomic DNA was confirmed by b-actin (Actb) PCR amplification using RNA prior to reverse transcription. RNA (1 lg) was reverse transcribed into cDNA using Moloney murine leukemia virus reverse transcriptase (Promega). PCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems) in an ABIPRISM 7300 real-time cycler (Applied Biosystems) according to the manufacturer 0 s instructions. The transcript levels of target genes were normalized to Actb using the comparative threshold cycle method as described in Applied Biosystems User Bulletin No. 2 (P/N 4303895). The primer pair sequences for PCR are listed in Supplementary Table S1 (all the supplemental data are available online at www.biolreprod.org).
Western Blot Analysis
Tissues or cells were lysed using lysis buffer (Applygen Technologies Inc.). The protein concentration of the lysates was determined using the bicinchonic acid protein assay kit (Pierce Biotechnology). Equal amount of proteins (20 lg/ lane) were separated on 10% SDS-PAGE gel and subsequently electrotransferred onto polyvinyl difluoride membranes (Millipore Co.). After blocking with Tris-buffered saline (pH 7.4) containing 5% nonfat milk for 1 h at room temperature, the membranes were incubated with primary antibodies overnight at 48C. The membranes were washed twice with Tris-buffered saline containing 0.1% Tween-20 and then incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (Zhongshan Biotechnology Co.) at room temperature for 1 h. HRP activity was detected using an enhanced chemiluminescence detection kit (Zhongshan Biotechnology Co.).
Enzyme-Linked Immunosorbent Assay
Germ cells were cultured in six-well plates at a density of 2 3 10 6 cells/well and stimulated with profilin or inactivated UPEC for 16 h in serum-free F12/ DMEM medium. The cytokine concentration in medium was measured by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions. The kits for TNFA (BMS 607/3), IL6 (BMS 603/2), IFNG (BMS 606), and IL12 (BMS 616) were purchased from eBioscience; the kit for IFNB (42400) was purchased from R&D System. For all the kits, the limit of detection was ,7 pg/ml, and intra-and interassay variations were ,5% and ,10%, respectively.
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Immunohistochemistry and Immunofluorescence Staining
For immunohistochemistry, the testis was fixed in 4% paraformaldehyde for 24 h, embedded in paraffin, and cut into 5 lm thick sections. The sections were incubated with PBS containing 3% H 2 O 2 at 378C for 15 min to block endogenous peroxidase activity. Subsequently, the sections were soaked in a citrate buffer and microwave-heated at 1008C for 10 min for antigen retrieval. After blocking with 5% normal goat serum at room temperature for 1 h, the sections were incubated with the rabbit anti-mouse TLR11 polyclonal antibodies overnight at 48C. After washing twice with PBS, the sections were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 30 min. HRP activity was visualized using the diaminobenzidine method. Negative controls were incubated with preimmune rabbit serum instead of the TLR11 antibodies. The sections were counterstained with hematoxylin and mounted with a mounting solution (Sigma) for observation.
For immunofluorescence staining, the testes were fixed in 4% paraformaldehyde for 24 h. After cryoprotection in 30% sucrose, the testes were cut into 7 lm thick frozen sections using Leica CM1950 (Leica Biosystems). The sections were blocked by preincubation with 5% goat serum in PBS for 1 h at room temperature and followed by incubation with rabbit anti-mouse TLR11 antibodies overnight at 48C. After washing thrice with PBS, the sections were incubated with the fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (Zhongshan Biotechnology Co.) for 30 min. Negative controls were incubated with the preimmune rabbit serum instead of the primary antibodies. The sections were counterstained with DAPI and mounted with mounting solution for observation under a fluorescence microscope (IX-71; Olympus).
Injection of Profilin or UPEC into the Testis
Five-week-old mice were anesthetized with pentobarbital sodium (50 mg/ kg), and the testes were surgically exposed. One testis was injected with 2 ng profilin or 1 3 10 7 inactivated UPEC in 20 ll of 1 3 PBS using a 50 ll microsyringe. The other testis was injected with equal volume of PBS as control. The pathogens were injected at three different sites of the testis for the efficient access into the seminiferous tubules. The germ cells were enriched at 2 h after injection for analyzing transcription factor and MAPK activation, and at 4 h for examining cytokine mRNAs.
For germ cell enrichment, the testes were decapsulated and incubated with 0.5 mg/ml collagenase (Sigma) at room temperature for 15 min with gentle oscillation. Then the suspensions were filtered through 80 lm copper meshes to remove the interstitial cells. The seminiferous tubules were collected in PBS and cut into small pieces (;mm 3 ). The tubule pieces were pipetted five times to release germ cells. The suspensions were filtered through 80 lm copper meshes. The germ cells passed through the copper meshes were collected for analysis.
Statistical Analysis
Data represent the mean 6 standard error of the mean (SEM). At least three independent experiments were performed, and each independent experiment was repeated three times. Student t-tests were used to determine significance between individual comparisons. For multiple comparisons, one-way ANOVA test with Bonferroni (selected pairs) correction was used. The calculations were performed using SPSS Version 11.0 statistical software; P , 0.05 was defined as statistically significant. 
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RESULTS
TLR11 Expression in the Testis
TLR11 expression in mouse testis was analyzed by comparison with the kidney and bladder, which abundantly express TLR11 [18] . Real-time quantitative RT-PCR (qRT-PCR) showed that the testis of 5-wk-old mice expresses relatively high Tlr11 mRNA level, compared with the kidney and bladder of the same mice (Fig. 1A, left panel) . TLR11 protein in the testis, kidney, and bladder was confirmed by Western blot analysis (Fig. 1A, right panel) . Immunohistochemistry showed that TLR11 is predominantly located in round spermatids (black arrow) and elongating spermatids (open arrow) of 5-wk-old mice (Fig. 1B, upper panels) . Very weak TLR11 signal was also detected in other testicular cells, including spermatocytes (black arrowhead), spermatogonia (white arrow), Sertoli cells (white arrowhead), and interstitial cells (asterisk). TLR11 distribution was also analyzed by immunohistochemistry on the testis of 2-wk-old mice in which the germ cells have not differentiated into spermatids (Fig. 1B,  lower panel) . The testicular cell-specific TLR11 expression was confirmed in the isolated primary testicular cells, including interstitial, Sertoli, and germ cells. TLR11 was expressed at much higher levels of mRNA (Fig. 1C, left panel) and protein (Fig. 1C, right panel) in germ cells than interstitial and Sertoli cells. Germ cell stage-specific expression of TLR11 in spermatogonia, spermatocytes, and spermatids isolated from the testes of 5-wk-old mice, as well as epididymal sperms of 8-wk-old mice, was further determined by real-time qRT-PCR (Fig. 1D, left panel) and Western blot analysis (Fig. 1D, right  panel) . The highest TLR11 level was detected in the spermatids. The relatively low TLR11 levels were observed in spermatogonia and spermatocytes compared with sperma- FIG. 2 . Cytokine expression. A) Effect of profilin on cytokine expression. Germ cells of 5-wk-old mice were treated using 10 ng/ml profilin for the specified durations. The mRNA levels of the indicated cytokines were analyzed using real-time qRT-PCR. B) Effect of UPEC on cytokine expression. The cells were treated with 5 3 10 7 UPEC/ml for the indicated durations, and cytokine mRNA levels were analyzed using real-time qRT-PCR. C) Cytokine levels in culture media. The cells were seeded in six-well plates at a density of 1 3 10 6 cells/well in serum-free F12/DMEM medium and treated with profilin or UPEC for 16 h. The cytokine concentrations in the culture media were measured using ELISA. Data indicate the mean 6 SEM of the three experiments. A germ cell pool of three mice was used for the experiments. **P , 0.01. ND, not detectable.
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Cytokine Expression in Germ Cells in Response to TLR11 Agonists
TLR11 signaling can be initiated by T. gondii profilin and UPEC [24] . To determine whether TLR11 is functional in mouse male germ cells, we examined the expression of the major inflammatory cytokines in germ cells of 5-wk-old mice after stimulation with profilin or UPEC. Real-time qRT-PCR results showed that profilin dramatically upregulated the expression of macrophage chemotactic protein 1 (Mcp1), Il12, and Ifng in a time-dependent manner ( Fig. 2A) . However, profilin did not induce Tnfa, Il6, and Ifnb expressions. By contrast, UPEC induced the expressions of all of the above cytokines (Fig. 2B) . At 16 h after profilin or UPEC stimulation, the cytokines in the culture media were measured using ELISA. UPEC significantly induced the secretion of all the cytokines by germ cells (Fig. 2C) . Although profilin induced MCP1, IL12, and IFNG secretion, TNFA, IL6, and IFNB production were not affected by profilin.
NFKB, IRF3, and MAPK Activation
TLR-driven inflammatory cytokine expression results from NFKB, IRF, and MAPK activation [8] . We examined the activation of NFKB and IRF3 as well as MAPKs P38, JNK, and ERK in male germ cells in response to profilin and UPEC stimulation. Profilin induced NFKBp65 (p65) phosphorylation (Fig. 3A) . Phosphorylated p65 (p-p65) was evident in the germ cell 0.5 h after profilin stimulation, and peaked at 1 h. The pp65 level was reduced at 3 h after stimulation. IKB degradation is known to be required for NFKB activation. Accordingly, IKB was degraded by profilin in a similar dynamics with p65 phosphorylation (Fig. 3A) . In addition to p-p65, UPEC also induced phosphorylation of IRF3 (p-IRF3) (Fig. 3B , left panels), p38 (p-p38) and JNK (p-JNK) (Fig. 3B, right panels) . However, p-ERK was evidently detected at basal condition and not apparently affected by UPEC (Fig. 3B, right panels) . By contrast, profilin did not induce IRF3, p38, and JNK phosphorylation (data not shown).
Involvement of NFKB, IRF3, and MAPK Activation in Cytokine Expression
To clarify the association between NFKB, IRF3, and MAPK activation and cytokine expression, the germ cells were pretreated with respective chemical inhibitors 1 h before stimulation. The profilin-induced p-p65 was dramatically reduced by BAY11-7082 (BAY), an inhibitor of NFKB activation (Fig. 4A) . BAY significantly inhibited profilininduced MCP1, IL12, and IFNG production (Fig. 4B) . UPECinduced p65, IRF3, p38, and JNK phosphorylation were significantly inhibited by a 1 h cell pretreatment with respective inhibitors, that is, BAY for p65, BX795 for IRF3, SB202190   FIG. 3 . NFKB, IRF3, and MAPK activation. A) Profilin-induced NFKBp65 (p65) phosphorylation and IKB degradation. The germ cells of 5-wk-old mice were treated for the indicated durations. The cell lysates were analyzed by Western blots using specific antibodies against phosphor-p65 (p-p65), p65, and IKB; b-actin was used as loading control. B) NFKB, IRF3, and MAPK activation induced by UPEC. The germ cells were stimulated with 5 3 10 7 UPEC/ml for the indicated durations. NFKB and IRF3 activation were examined by analyzing p65 and IRF3 phosphorylation as well as IKB degradation using Western blot analysis (left panels). Activation of MAPKs, including p38, JNK, and ERK, was assessed by determining phosphor (p)-p38, p-JNK, and p-ERK via Western blot analysis using specific antibodies (right panels). Total p38, JNK, and ERK levels were used as controls. Images are representatives of at least three experiments using a germ cell pool of three mice. Data represent the mean 6 SEM of the three experiments. **P , 0.01.
TLR11 IN MALE MOUSE GERM CELLS
FIG. 4. Involvement of NFKB, IRF3
, and MAPK activation in cytokine expression. A) Inhibition of NFKB activation. Germ cells were stimulated with 10 ng/ml profilin or with profilin after a 1 h preincubation with 10 lM BAY11-7082 (BAY). One hour after the presence of profilin, the cell lysates were subjected to Western blot analysis to probe p-p65 using specific antibodies. The germ cells without treatments served as control (Ctrl). Total p65 and bactin were used as loading controls. B) Inhibition of profilin-induced cytokine production by BAY. The germ cells were treated with profilin alone or with profilin after a 1 h preincubation with BAY. At 16 h after the treatment, MCP1, IL12, and IFNG concentration in culture media were measured using ELISA. C) Inhibition of UPEC-induced NFKB, IRF3, and MAPK activation by chemical inhibitors. The germ cells were cultured in the presence of 5 3 10 7 UPEC/ml alone (Ctrl) or with UPEC after a 1 h preincubation with inhibitors (BX795 1 lg/ml for IRF3, 10 lM BAY for NFKB, 5 lM SB202190 [SB] for p38, and 5 lM SP600125 [SP] for JNK). One hour after the presence of UPEC, p-p65, p-IRF3, p-p38, and p-JNK levels were determined by Western blot analysis. D) Inhibition of chemical inhibitors on cytokine production. The germ cells were stimulated with UPEC alone (Ctrl) or with UPEC after a 1 h preincubation with the indicated inhibitors. Sixteen hours after the presence of UPEC, the cytokine levels in media were measured using ELISA. E) Cell viability. The germ cells were treated under the indicated conditions for 16 h. The cell viability was determined using MTT assay. Images of Western blot are representatives of at least three separate experiments. Data represent the mean 6 SEM of three experiments. *P , 0.05; **P , 0.01. ND, not detectable.
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(SB) for p38, and SP600125 (SP) for JNK (Fig. 4C) . BX795 specifically inhibited IFNB secretion by the germ cells after UPEC stimulation (Fig. 4D) . BAY, SB, and SP significantly reduced cytokine production, except for IFNB. Notably, BAY almost completely abolished IL12 and IFNG production, but only partially inhibited MCP1, TNFA, and IL6 production. These results suggest that IRF3 activation is responsible for IFNB production, whereas IL12 and IFNG upregulation exclusively depends on NFKB activation. However, NFKB and MAPK activation cooperatively results in MCP1, TNFA, and IL6 production by germ cells after UPEC stimulation. The germ cell viability was insignificantly affected by the treatments (Fig. 4E) .
TLR11 Function in the Innate Immune Response of Mouse Germ Cells
TLR11 is localized in intracellular endosome membrane, and endosomal acidification inhibitors abolish TLR11 signaling [19] . We confirmed a cytoplasmic TLR11 localization in spermatids (arrows) using immunofluorescence staining (Fig.  5A) . A pretreatment of germ cells with 100 nM bafilomycin, which is an endosomal acidification inhibitor, almost completely abolished p-p65 after profilin stimulation (Fig. 5B) . Accordingly, bafilomycin almost blocked the profilin-induced cytokine production (Fig. 5C ). Although bafilomycin significantly inhibited p-p65 level in germ cells after UPEC stimulation, it had no effect in IRF3, p38, and JNK phosphorylation (Fig. 5D) . A germ cell pretreatment with bafilomycin significantly reduced MCP1, IL12, and IFNG secretion after UPEC stimulation (Fig. 5E ). By contrast, bafilomycin had no effect in UPEC-induced TNFA, IL6, and IFNB production, which suggests that UPEC induced the expression of these cytokines in a TLR11-independent manner.
Afterward, we compared the effects of profilin and UPEC on cytokine expression in the germ cells isolated from 5-and 2-wk-old mice. Very low protamine 2 (Prm2) mRNA level in the cells of 2-wk-old mice suggests the absence of spermatids (Fig.  6A, left panel) . TLR11 mRNA and protein levels were about 10-fold high in the germ cells of 5-wk-old mice compared with those of 2-wk-old mice (Fig. 6A) . Profilin-induced MCP1, IL12, and IFNG production by the germ cells of 5-wk-old mice was significantly higher than that by the germ cells of 2-wk-old Germ cells of 5-wk-old mice were treated with 10 ng/ml profilin alone or with profilin after a 1-h preincubation with 100 nM Baf. At 1 h after the presence of profilin, p-p65 and total p65 were determined by Western blot analysis. The cells without treatments served as control (Ctrl). C) Baf inhibition on cytokine expression. Germ cells were treated with profilin alone or with profilin after a 1-h preincubation with Baf. At 16 h after the treatment, MCP1, IL12, and IFNG concentrations in culture medium were measured using ELISA. D) Baf inhibition on UPEC-induced activation of NFKB, IRF3, and MAPKs. Germ cells were treated as in B except that profilin was replaced by 5 3 10 7 UPEC/ml, and p-p65, P-IRF3, p-p38, and p-JNK were examined using Western blot analysis. E) Baf inhibition on UPEC-induced cytokine production. The germ cells were treated as in C except that profilin was replaced by UPEC. The cytokine levels in culture media were measured using ELISA. The germ cells from three mice were used in each experiment. Images are representatives of at least three experiments. Data represent mean 6 SEM values of three experiments. *P , 0.05; **P , 0.01. ND, not detectable.
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mice (Fig. 6B, left panel) . Similarly, UPEC induced significant high MCP1, IL12, and IFNG levels in the germ cells of 5-wkold mice compared with the germ cells of 2-wk-old mice (Fig.  6B, right panel) . However, UPEC induced TNFA, IL6, and IFNB production at comparable levels in the two germ cell populations (Fig. 6B, right panel) . By contrast, profilin did not induce TNFA, IL6, and IFNB expression in the germ cells from 5-and 2-wk-old mice (data not shown).
To further confirm TLR11 involvement in the innate immune response, we examined the effects of Tlr11 knockdown on the response in 5-wk-old mouse germ cells. TLR11 expression at both mRNA and protein levels were dramatically reduced by siRNA targeting Tlr11 (siTlr11) at 24 h after siRNA transfection (Fig. 6C) . A control siRNA (siCtrl) that targets a scrambled sequence had no effect on TLR11 expression. The siTlr11 significantly reduced MCP1, IL12, and IFNG production by germ cells in response to profilin and UPEC stimulation (Fig. 6D) . By contrast, TNFA, IL6, and IFNB levels were insignificantly affected by siTlr11 (Fig. 6D,  right panel) . The siCtrl had no effect on profilin-and UPECinduced cytokine production. The treatments did not significantly reduce cell viability (Fig. 6E ).
Profilin and UPEC Induce Germ Cell Innate Immune Response In Vivo
To examine whether profilin and UPEC induce testicular innate immune response in vivo, profilin or UPEC was locally injected into the testis. Germ cells were enriched at 2 h after the injection for analyzing transcription factor and MAPK activation. Both profilin and UPEC induced p65 phosphorylation and IKB degradation in the germ cells (Fig. 7A, left  panel) . Moreover, UPEC injection also induced phosphorylation of IRF3, p38, and JNK (Fig. 7A, right panel) . By contrast, we did not detect p-IRF3, p-p38, and p-JNK in the germ cells after profilin injection (data not shown). The cytokine expression in the germ cells was analyzed at 4 h after profilin or UPEC injection. Real-time qRT-PCR results showed that profilin dramatically induced the expression of Mcp1, Il12, and Ifng at mRNA levels (Fig. 7B) . By contrast, profilin did not induce Tnfa, Il6, and Ifnb expression (data not shown). However, UPEC significantly upregulated all the cytokine mRNAs that were examined (Fig. 7C) .
FIG. 6. TLR11 involvement in the innate immune response. A)
Comparison of TLR11 expression in the germ cells of 5-and 2-wk-old 3 mice. Germ cells were isolated from the testes of 5-and 2-wk-old mice. Tlr11 and protamine 2 (Prm2) mRNAs were examined by real-time qRT-PCR (left panel). TLR11 protein was determined by Western blot analysis (right panel). B) Cytokine production. Germ cells of 5-and 2-wk-old mice were stimulated with 10 ng/ml profilin or 5 3 10 7 UPEC/ml. Sixteen hours after the treatment, the cytokine levels in medium were measured using ELISA. C) Tlr11 knockdown using siRNA. Germ cells of 5-wk-old mice were seeded in six-well plates and transfected with siRNAs that target scrambled sequence (siCtrl), and Tlr11 (siTlr11). Twenty-four hours after transfection, Tlr11 mRNA and protein levels were assessed by real-time qRT-PCR (left panel) and Western blot analysis (right panel). The cells that were treated with transfection reagent alone served as controls (Ctrl). D) Effects of siRNAs on cytokine secretion. Germ cells were transfected with siCtrl or siTlr11. Twenty-four hours later, profilin or UPEC were added into medium. Sixteen hours later, the cytokine levels in the medium were measured using ELISA. E) Cell viability. The cells were treated under the indicated conditions for the same durations as mentioned in D. The cell viability was determined using the MTT assay. Western blot images are representatives of at least three independent experiments. Data represent mean 6 SEM values of three experiments. *P , 0.05; **P , 0.01.
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DISCUSSION
The mammalian testis is an immune privileged organ where allo-and autoantigens can be tolerated by systemic immunity [30] . Invading pathogens, including bacteria, viruses, and parasites, may infect the testis via the circulating blood and the ascending genitourinary tract. Local testicular innate immune response has a crucial function in the defense against the pathogens. PRR-initiated innate immune response in testicular cells has been an emerging area of study [26, 27, [31] [32] [33] . UPEC predominantly infect urinary tracts and may ascend to reach the seminiferous epithelium [2] . T. gondii is a protozoan parasite that can infect humans and animals, and may cause abortion or congenital diseases in offspring [34] . Increasing evidence have shown that T. gondii may infect the testis and impair male fertility [3, 4, 35] . Understanding the mechanisms underlying testicular innate immune response to T. gondii and UPEC should provide insight into the circumstances that lead to male fertility impairment and may provide new information to develop preventive and therapeutic approaches against the two pathogens. In the present study, we demonstrated that TLR11 initiates innate immune response in male mouse germ cells in response to T. gondii profilin and UPEC stimulation. We focused our present studies on TLR11 based on three reasons: (1) this is first study to demonstrate that TLR11 is abundantly expressed in spermatids before microbes invading from the ascending genitourinary tracts to the testis are encountered by the other cells; (2) TLR11 is a common sensor of both T. gondii profilin and UPEC and initiates innate immune response against the two pathogens [13, 14] ; and (3) although UPEC may also activate other TLRs, most of them have been previously investigated [26, 27, 32, 36] .
TLR11 is predominantly expressed in mouse kidney and bladder epithelial cells [18] . Our present study demonstrate that TLR11 is also abundantly expressed in mouse testis and is predominantly localized in spermatids. This result differs from previous reports that Tlr11 mRNA was not evidently detected in rat testis and germ cells [13, 36] . The discrepancy could be caused by the use of different species and different PCR approaches. Using different methods, we detected abundant TLR11 at both mRNA and protein levels in mouse spermatids. The seminiferous tubule is the last section of the genital tract. The excurrent duct provides a way for ascending microbial infection that can result in urethritis, prostatitis, epididymitis, and orchitis in humans. In fact, UPEC are the most frequently isolated bacteria from urinary tracts in epididymo-orchitis patients [37, 38] . Functional TLR11 is present in mice but absent in humans. During experimental UPEC infection in mice, TLR11 protects the hosts from the UPEC infection [18] . Notably, natural UPEC infection has not been found in mice. To clarify whether or not the absence of functional TLR11 is associated with UPEC infection in humans is of great interest. A very recent study has shown that injecting UPEC into the rat vas deference results in bacteria accumulation in the interstitial spaces, not within the seminiferous tubules [39] . It is also of interest to understand whether or not abundant TLR11 in the germ cells protects from bacteria accumulation within the tubules.
Testicular interstitial immune cells, which are mainly macrophages, are believed to have a function in the defense against microbial pathogens originating from the blood circulation [40] . However, a recent study has shown that rat testicular macrophages exhibit a low immune capacity in 
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response to UPEC stimulation, which might be implicated in the testicular immune privilege [41] . In particular, the immune cells are absent within the seminiferous tubules. The innate immune response of the testicular cells within the tubules should be important in the defense against ascending microbial infection. It is well-known that Sertoli cells play roles in defense against pathogens at multiple levels [30] . The role of the germ cells in testicular defense against microbial infection is less well-known. We recently demonstrated that mouse germ cells have innate antiviral function [27, 33] . In the present study, we provide evidence that mouse spermatids abundantly express TLR11, which initiates innate immune response to UPEC and profilin stimulation in vitro. The total germ cells of 5-wk-old mice were used in this study because these cells contain a great proportion of spermatids. Although the purified spermatids can be ideal to investigate TLR11-initiated response, we however observed that the cell viability of spermatids that were isolated through velocity sedimentation was significantly decreased (data not shown).
T. gondii is an intracellular protozoan parasite that can infect humans and animals and can result in multiple pathogenic states [42] . Profilin belongs to a class of small actin-binding proteins that are essential for the gliding motility of T. gondii and invasion into host cells [43] . Previous studies have shown that T. gondii infection is associated with male infertility in humans [14, 15] . T. gondii have been isolated from the semen of different species [44, 45] . Acute T. gondii infection in murine has resulted in T. gondii tachyzoite invasion into the testis and has induced spermatogenic cell apoptosis [35, 46] . These previous observations suggest that T. gondii is capable of infecting the testis and perturbing male fertility. However, no evidence exists showing that natural T. gondii infection impairs fertility in intermediate and definitive animal hosts, such as mice and cats. Whether the absence of TLR11 in humans is associated with the pathogenesis caused by T. gondii infection needs further investigation.
To determine TLR11 function in male germ cells, we analyzed TLR11 signaling in response to profilin and UPEC stimulation. We found that profilin and UPEC induce the expression of different cytokine profiles. UPEC induced the expression of the major inflammatory cytokines that were examined, including MCP1, TNFA, IL6, IL12, IFNB, and IFNG production. By contrast, profilin induced MCP1, IL12, and IFNG expression, but did not upregulate TNFA, IL6, and IFNB. IFNG is a major cytokine that facilitates host defense against T. gondii [47, 48] . MCP1 promotes inflammatory cell recruitment, including that of monocytes and lymphocytes, which can be activated by IFNG to kill the parasites [49] . Although no evidence shows that TLR11 signaling directly induce IFNG production, IFNG can be induced by IL12 [50] . We speculated that TLR11-mediated IL12 production by germ cells would induce IFNG production in an autocrine manner. This hypothesis was supported by the fact that IFNG was upregulated later than IL12 expression. UPEC was shown to induce innate immune response in Sertoli cells [13] in which TLR11 could not mediate the response because TLR11 was not evidently expressed in Sertoli cells. However, UPEC may activate TLR2, TLR4, and TLR5 by bacterial products, such as lipoprotein, lipopolysaccharide, and flagellin. TLR2ÀTLR5 are expressed in Sertoli cells and can be activated by respective ligands [32] . Our present study showed that UPEC induce NFKB, IRF3, p38, and JNK activation. We provided evidence that TLR11 is required for UPEC-induced IL12 and IFNG expression. By contrast, TLR11 is not necessary for UPECinduced TNFA, IL6, and IFNB expression. These results suggest that UPEC may trigger other TLR-signaling pathways in the germ cells. In fact, Tlr2ÀTlr5 mRNAs have been detected in different stages of male germ cells [13] . It should be worthwhile to confirm whether or not UPEC trigger the innate immune response through these TLRs in male germ cells.
To provide evidence that profilin and UPEC initiate innate immune response in germ cells in vivo, the pathogens were locally injected into the testis. The pathogens were injected at three sites of the testis for efficient access into the seminiferous tubules. Moreover, we enriched germ cells by removing interstitial cells to exclude the potential response of the interstitial cells. By contrast, we cannot exclude Sertoli cells response because the enriched germ cell preparations may be contaminated by minor amounts of Sertoli cells. However, TLR11 is predominantly expressed in spermatids and faintly in Sertoli cells. We believe that the innate immune response should have mostly resulted from germ cells. Notably, both profilin and UPEC induced relative high levels of cytokine mRNA in vivo compared with in vitro. The results suggest that the pathogens induce stronger innate immune response in vivo than in vitro.
TLR11-mediated cytokine and chemokine production by germ cells could play biological roles at multiple levels. The first is regulation of immune cell response. Although the inflammatory molecules in the seminiferous tubules and the immune cells in the interstitial spaces are separated by the blood-testis barrier under physiological conditions, increased TNFA levels can open the blood-testis barrier [51] , which may result in communication between the interstitial immune cells and the cytokines produced by germ cells. The second is nitric oxide (NO)-mediated antimicrobial activities within the seminiferous tubules. The inflammatory cytokines, such as TNFA and IFNG, induce NO production in Sertoli cells [52] , and NO could directly kill invading microbes. Third, besides the responses against invading pathogens, inflammatory cytokines may impair spermatogenesis. Evidence show that a high level of TNFA induces germ cell apoptosis [53] . Therefore, innate inflammatory response acts as double-edged sword that contributes to defense against pathogens but could be potentially self-damaging. A balance of the two aspects governs physiological conditions of the hosts. The biological functions of the high cytokine levels during infections in the testis would be worthy of investigation in detail.
In conclusion, we demonstrated that mouse spermatids abundantly express TLR11, which initiated innate immune response to T. gondii and UPEC. The results suggest that male mouse germ cells possess innate immune properties for defense against protozoan and bacteria. Data provide novel insights into the innate immune function of male germ cells.
